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Solution‐processed polymer solar cells (PSCs) have showed exceeding potential to be one sustainable energy source for their superior advantages of light weight, simple, wearable, and large‐scale roll‐to‐roll processing.[1](#advs970-bib-0001){ref-type="ref"}, [2](#advs970-bib-0002){ref-type="ref"}, [3](#advs970-bib-0003){ref-type="ref"}, [4](#advs970-bib-0004){ref-type="ref"}, [5](#advs970-bib-0005){ref-type="ref"}, [6](#advs970-bib-0006){ref-type="ref"} Continuous research in materials chemistry and persistent work with device engineering in the last couple of decades have yielded the power conversion efficiencies (PCEs) approaching ≈15% by utilizing non‐fullerene‐based bulk heterojunction (BHJ) structure of PSCs.[7](#advs970-bib-0007){ref-type="ref"}, [8](#advs970-bib-0008){ref-type="ref"}, [9](#advs970-bib-0009){ref-type="ref"}, [10](#advs970-bib-0010){ref-type="ref"} It is well established that morphology of photoactive layer governs the photovoltaic performance of PSCs.[11](#advs970-bib-0011){ref-type="ref"}, [12](#advs970-bib-0012){ref-type="ref"}, [13](#advs970-bib-0013){ref-type="ref"}, [14](#advs970-bib-0014){ref-type="ref"}, [15](#advs970-bib-0015){ref-type="ref"}, [16](#advs970-bib-0016){ref-type="ref"} By controlling the nanostructures of the organic photoactive blend layer can efficiently generate charges at the interfaces of donor/acceptor interfaces which would transport through their percolation pathways and collected by the respective electrode extraction layers toward maximum solar conversion.[13](#advs970-bib-0013){ref-type="ref"}, [17](#advs970-bib-0017){ref-type="ref"} Several significant strategies have been adopted for improved interaction of donor/acceptor materials toward favorable phase separation, crystallization, molecular orientation, and interpenetrated network of phases.[18](#advs970-bib-0018){ref-type="ref"}, [19](#advs970-bib-0019){ref-type="ref"}, [20](#advs970-bib-0020){ref-type="ref"}, [21](#advs970-bib-0021){ref-type="ref"}, [22](#advs970-bib-0022){ref-type="ref"}, [23](#advs970-bib-0023){ref-type="ref"} Since the reported use of high boiling point (BP) solvent by Bazan and co‐workers to optimize the thin film morphology,[20](#advs970-bib-0020){ref-type="ref"} many studies have shown the significant impact of the selection of solvent and solvent additive. Besides the consideration of solvent, thermal and solvent‐based annealing strategies were also implemented to conceive optimized nanostructures of photoactive layer toward efficient photovoltaic (PV) performance of PSCs.

Host solvent with lower BP and the additive with relatively higher BP have different vaporizing speed---composition and thus the solvency of the solvent mixture will change gradually during film processing. By incorporating a small amount of specific processing additives into the host solvent, it is possible to control the morphology of BHJ. Consequently, morphologies of the BHJ layers would be modified due to the changed composition of solvent mixtures irrespective of the selection of different additives. The effect of solvent additives on morphology control can be attributed to two properties: their selective solvency toward donor or acceptor and their low volatility.[21](#advs970-bib-0021){ref-type="ref"}, [22](#advs970-bib-0022){ref-type="ref"} The effects of single solvent additive on the performance of PSCs have been reported for both fullerene and non‐fullerene‐based blends.[24](#advs970-bib-0024){ref-type="ref"}, [25](#advs970-bib-0025){ref-type="ref"}, [26](#advs970-bib-0026){ref-type="ref"}, [27](#advs970-bib-0027){ref-type="ref"}, [28](#advs970-bib-0028){ref-type="ref"}, [29](#advs970-bib-0029){ref-type="ref"} However, the morphology optimization with multiple additives and its influence on PV parameters has rarely been reported so far for non‐fullerene‐based blends. Investigating the influence of multiple additives on molecular packing and phase separation of blends at different length scale and time scale would present guidance toward additive selection for morphology control of the photoactive layer of PSCs.

On the other hand, a thorough understanding of the film growth mechanisms toward a favorable morphology in the initial casting is seriously required to scale processing of these materials toward manufacturing highly efficient devices. To analyze the prospect, the in situ grazing incidence wide‐angle X‐ray scattering (GIWAXS) can be adopted for real‐time characterization of the molecular packing.[30](#advs970-bib-0030){ref-type="ref"}, [31](#advs970-bib-0031){ref-type="ref"} Only a few studies have focused on the systematic in situ characterization of the crystalline morphology of non‐fullerene‐based blends during spin‐coating, because the most of non‐fullerene systems are processed by low boiling point solvent chloroform (CF), which is volatile and too fast to get the structural information during the film‐forming process. At the same time, using of solvent additive is a common method to optimize the solid‐state morphology, and the central theme of this method is optimizing film dynamic process. There is some understanding of this process for fullerene systems,[23](#advs970-bib-0023){ref-type="ref"}, [32](#advs970-bib-0032){ref-type="ref"}, [33](#advs970-bib-0033){ref-type="ref"} however, dynamic processes involved in low boiling point CF and the effects of additives in filming process are still unclear for non‐fullerenes systems. Understanding series of deep‐seated basics of dynamic processes involved in CF and additives during the film‐forming process would be of great importance, guidance for the morphology control toward photovoltaic performance optimization.

In this work, a binary additives system consisting of ODT and DIO was used to fine tuning the morphology of the active layer processed from the solution of FTAZ:ITIC‐Th (1:1.5, w/w) in CF (the chemical structures are shown in **Scheme** [**1**](#advs970-fig-0005){ref-type="fig"}). Interestingly, the ratio of ODT and DIO of the binary additives system strongly affect the PV parameters of the devices, especially *J* ~sc~ and FF. When a binary additives system of ODT:DIO (0.375%:0.125%) was used, a champion PCE of 10.93% together with a *V* ~oc~ of 0.922 V, a *J* ~sc~ of 17.78 mA cm^−2^, and a FF of 66.64% was achieved, which is 23% higher than the previous reported PCE (8.88%). The in situ GIWAXS was implemented to gain insight into the evolution of the active layer morphology during the film‐forming process. It was found that ODT works at the initial stage while DIO works preferentially at a longer time scale.

![Molecular structures of FTAZ, ITIC‐Th, DIO, and ODT.](ADVS-6-1801560-g005){#advs970-fig-0005}

According to the literature,[34](#advs970-bib-0034){ref-type="ref"} an optimized D/A ratio of 1:1.5 was adopted for the following photovoltaic characterization. PSC devices with an inverted structure of ITO/ZnO/FTAZ:ITIC‐Th (1:1.5, w/w)/MoO~3~/Ag were fabricated. The active layers of the devices were prepared by spin‐casting the FTAZ:ITIC‐Th solutions in CF with ODT (BP ≈ 270 °C) and DIO (BP ≈ 330 °C) as solvent additives. Excepting from the using of the additive, no extra treatment was adopted. Detailed device data are shown in **Table** [**1**](#advs970-tbl-0001){ref-type="table"} and Figure S1b (Supporting Information). The devices based on the as‐cast blend film casted from CF show a PCE of 9.53% with a *V* ~oc~ of 0.907 V, a *J* ~sc~ of 16.8 mA cm^−2^, and a FF of 62.57%. After addition of 0.5% DIO, the *V* ~oc~ and *J* ~sc~ slightly decreased to 0.879 V and 16.4 mA cm^−2^ while the FF maintained and consequently the PCE decreased to 9.04%, indicating that the content of DIO is excessive when it is 0.5%. On the other hand, when 0.5% ODT was used as solvent additive, the PCE of the devices significantly increased to 10.44%, which is mainly attributed to the greatly enhanced *J* ~sc~ and FF. Further increasing the volume of ODT over 0.5% causes the decrease of PCE (Figure S1a and Table S1, Supporting Information). However, the devices treated with the combination of 0.5% DIO and 0.5% ODT showed almost identical photovoltaic parameters to that of the devices with no additives, which indicates that the addition of ODT counteracts the negative effect of DIO. Therefore, the total volume of these two additives was kept at 0.5% to further optimize the performance of devices by gradually increasing the content of DIO from 0.125 to 0.25% and to 0.375%. Eventually, the devices treated with binary additives system consist of 0.375% ODT and 0.125% DIO gave out the highest PCE of 10.93% with enhancement of *V* ~oc~, *J* ~sc~, and FF simultaneously (**Figure** [**1**](#advs970-fig-0001){ref-type="fig"}a). The absorption spectra of blend films processed with different additive ratios are plotted in Figure S2 (Supporting Information). The charge carrier motilities of the active layers processed with different amount of additive were measured by the space‐charge limited current (SCLC) method (Figure S3, Supporting Information). The hole mobility was calculated to be 8.42 × 10^−4^, 9.30 × 10^−4^, and 8.51 × 10^−4^ cm^2^ V^−1^ s^−1^ for active layers treated without additive and with binary additives of ODT:DIO (0.375%:0.125%) and ODT:DIO (0.5%:0.5%), respectively. The electron mobility was measured to be 1 × 10^−5^, 1.67 × 10^−4^, and 7.91 × 10^−5^ cm^2^ V^−1^ s^−1^ for active layers treated without additive and with binary additives of ODT:DIO (0.375%:0.125%) and ODT:DIO (0.5%:0.5%), respectively. The greatly enhanced electron mobility for the active layers treated with the ODT:DIO (0.375%:0.125%) improved the charge carrier mobility balance, which may reduce the charge carrier recombination and leading to the highest *J* ~sc~ and FF (shown in Figure S4, Supporting Information). As seen from the EQE curves (Figure [1](#advs970-fig-0001){ref-type="fig"}b), the binary additives system of ODT:DIO (0.375%:0.125%) greatly improved the optical response of the devices from 400 to 700 nm with EQE reach 80% from 520 to 720 nm, which correlates well with the enhanced *J* ~sc~ compared to the devices without additives and with ODT:DIO (0.5%:0.5%). The lower EQE values across almost the entire EQE spectra for the devices treated with ODT:DIO (0.5%:0.5%) also correspond well with their lower *J* ~sc~. The integrated current density of the EQE spectra were 15.9, 17.41, and 16.6 mA cm^−2^ for the devices treated without additives, and with ODT: DIO (0.375%:0.125%) and ODT:DIO (0.5%:0.5%), respectively. The deviations between the integral current densities and the *J* ~sc~ read from *J--V* measurements are all within ±3.9%, indicating the good consistency of the photovoltaic results. Due to the effective method of binary additives, devices based on PTB7‐Th[35](#advs970-bib-0035){ref-type="ref"}:ITIC[36](#advs970-bib-0036){ref-type="ref"} and PTB7‐Th:ITIC‐Th[37](#advs970-bib-0037){ref-type="ref"} were also made for expanding this method to other BHJ systems, the photovoltaic performances are shown in Figure S5, Tables S2 and S3 (Supporting Information). The PCEs of these system devices with binary additives both increased, indicating an extensible method for high‐performance OSCs. Notably, the changes of *V* ~oc~ with different additive ratios show interesting effects of binary additives on BHJs and deserve deeper investigation, which is out of the scope of this paper.

###### 

Photovoltaic performance of the devices based on FTAZ:ITIC‐Th (1:1.5, w/w) without or with various ratios of two additives under the illumination of AM 1.5G, 100 mW cm^−2^

  ODT:DIO          *V* ~OC~ \[V\]   *J* ~sc~ \[mA cm^−2^\]     FF \[%\]     PCE[a)](#advs970-tbl1-note-0001){ref-type="fn"} \[%\]
  --------------- ---------------- ------------------------ -------------- -------------------------------------------------------
  No additive      0.907(±0.003)         16.8(±0.23)         62.57(±0.73)                        9.53(±0.19)
  0:0.5%           0.879(±0.007)         16.4(±0.08)         62.69(±0.6)                         9.04(±0.36)
  0.5%:0.5%        0.918(±0.002)         16.55(±0.25)        62.58(±1.64)                        9.51(±0.25)
  0.5%:0           0.884(±0.003)         17.82(±0.21)        66.3(±0.36)                        10.44(±0.19)
  0.375%:0.125%    0.922(±0.004)         17.78(±0.28)        66.64(±0.47)                       10.93(±0.22)
  0.25%:0.25%      0.872(±0.005)         17.48(±0.3)         66.17(±0.2)                         10.1(±0.24)
  0.125%:0.375%    0.876(±0.004)         16.71(±0.4)         64.39(±0.32)                        9.42(±0.3)

Average values calculated from 20 devices.
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![a) *J*--*V* curves and b) EQE of the PSCs under the illumination of AM 1.5G, 100 mW cm^−2^, c) photoluminescence spectra of blend films processed without additive and with ratios of ODT:DIO (0.375%:0.125%, 0.5%:0.5%).](ADVS-6-1801560-g001){#advs970-fig-0001}

We have also investigated the photoluminescence (PL) intensities of blend films processed without and with additives of ODT:DIO (0.375%:0125%, 0.5%:0.5%) (Figure [1](#advs970-fig-0001){ref-type="fig"}c). For the as‐cast blend, the PL intensity is the lowest, which indicating an efficient charge dissociation. For the blend processed with ODT:DIO 0.5%:0.5%, the PL is the highest, suggesting a less efficient charge dissociation.[38](#advs970-bib-0038){ref-type="ref"} The PL intensity of the optimized blend is in‐between the two. The PL intensity, that is, charge dissociation efficiency, strongly correlates with the morphology of active layers. Hence, we carried out the detailed morphology characterization in next section.

It is well established that the performance of PSCs is closely related to the film morphology. Various structural aspects of phase‐separated domains in BHJ can be quantified with resonant soft X‐ray scattering (R‐SoXS), including domain size and relative composition variation.[39](#advs970-bib-0039){ref-type="ref"}, [40](#advs970-bib-0040){ref-type="ref"} Photon energy of 285.8 eV was selected to provide highly enhanced materials contrast. The R‐SoXS profiles of different blend films processed with various ratios of binary additives are shown in **Figure** [**2**](#advs970-fig-0002){ref-type="fig"}. The average composition variation (relative domain purity) is revealed via integrating the scattering profile and calculating the total scattering intensity (TSI).[41](#advs970-bib-0041){ref-type="ref"} For the blend film without additive, a scattering peak at *q* ≈ 0.302 nm^−1^ arises, which corresponds to a small domain size of 10 nm. Meanwhile, the relative domain purity of this blend film is calculated to be 71%. It is well known that a small and impure phase would hinder the charge transport.[13](#advs970-bib-0013){ref-type="ref"} The domain size and relative domain purity for the blend film treated with 0.5% DIO and 0.5% ODT are calculated to be 71 nm and 16 nm, and 66% and 74%, respectively. When the binary additives ODT:DIO (0.5%:0.5%) are used, two scattering peaks located at *q* ≈ 0.017 and 0.13 nm^−1^ arise, corresponding to the domain size of 180 and 24 nm, respectively. Obviously, the large domain size and low relative domain purity of the 0.5% DIO‐treated blend films will definitely hinder the charge separation and transport, leading to their inferior PV performance. For the ODT:DIO (0.5%:0.5%) treated devices, despite their highest relative domain purity (100%), the extensively large domain size of 184 nm is fatal for achieving high PV performance. However, because of the existence of some smaller domains (24 nm), their PV parameters still outperform those of the devices with only 0.5% DIO. As for the 0.5% ODT‐treated devices, the suitable domain size of 16 nm and high relatively domain purity of 74% benefit the charge separation and transport, leading to their superior PV performance with an average PCE of 10.44%. Furthermore, the domain size of active layers for the binary additives system with different ratios of ODT:DIO (0.375%:0.125%, 0.25%:0.25%, and 0.125%:0.375%) is calculated to be 14, 12, and 15 nm, respectively. With the increasing content of DIO of binary additives, the relative domain purity for three blend films is almost same (79, 76, and 83%, respectively). Compared with the blend films processed with 0.5% DIO, 0.5% ODT, and ODT:DIO (0.5%:0.5%), an appropriate phase separation with domain size within 10--20 nm can be achieved with the binary additives treatment, which is favorable for effective charge dissociation. Even though the relative domain purity of the ODT:DIO (0.375%:0.125%) is not the highest among the binary additives processed devices, the synergistic effect of more balanced charge carrier mobility (Figure S2, Supporting Information), appropriate domain size and relative purity helped boosting their PV performance to a PCE of 10.93%. Transmission electron microscopy (TEM) scan was conducted to gain intuitive observation of active layer morphology (Figure S6, Supporting Information), and found them consistent with our observations in R‐SoXS data. As shown in Figure S6 (Supporting Information), the donor and acceptor mixed evenly when the blend processed without additive, and form small and impure phase. In contrast, the blend with the additive ratio of ODT:DIO ≈ 0.375%:0.125% shows small and phase. Larger domains at the length scale of 200 nm were observed when the film is fabricated with additive of ODT:DIO 0.5%:0.5%.

![R‐SoXS data reduced from 2D detector images for blend films processed without and with various ratio of ODT and DIO.](ADVS-6-1801560-g002){#advs970-fig-0002}

To investigate the polymer crystallinity and lamellar spacing, grazing incident wide‐angle X‐ray scattering (GIWAXS) was conducted to provide the structural information including crystallite size, intermolecular distance, and crystallite orientation in blend films. **Figure** [**3**](#advs970-fig-0003){ref-type="fig"} shows the GIWAXS 2D patterns and line profiles of the blend films without additive and with different ODT:DIO ratios. For all of the investigated films, pronounced (010) π--π stacking peaks in the out‐of‐plane direction can be seen with no marked (010) π--π stacking peaks in the in‐plane direction, indicating the preferential face‐on orientation with respective to the substrate. The line profiles of the FTAZ and ITIC‐Th pure films (Figure S7, Supporting Information) are used to define the attribution of peaks in the binary blend films. It is clear that the scattering profile of FTAZ:ITIC‐Th without additive is very similar to that of the FTAZ pure film, which indicates that the ITIC‐Th has little impact on crystallization of FTAZ when processed without additive and the diffraction of ITIC‐Th will dominate in the blend when additives are added. Gaussian fitting was conducted to the (010) π--π stacking peaks of the blend films and the coherence lengths (CL) of (010) π--π stacking peaks (Table S4, Supporting Information) are calculated using the Scherrer equation. As shown in Figure [3](#advs970-fig-0003){ref-type="fig"}, the crystallinity of the system was significantly improved when 0.5% DIO was added, with the CL increased from 30 to 34 Å. The crystallinity was further increased when an additional 0.5% ODT was added. Nevertheless, with only 0.5% ODT used as additive, the crystallinity was enhanced compared to that when no additives were used, but effect was not as pronounced as either in the cases of 0.5% DIO or 0.5% ODT:0.5% DIO. Interestingly, the morphology of blend films processed with binary additives (at the range of 0--0.5%) is very similar to that of the films processed with only 0.5% ODT. The reason for this difference in this small range is most likely dominated by ODT during film‐forming processes, which will be discussed in next section in detail. Among the three BHJ films processed with binary additives, the blend film processed with ODT:DIO (0.25%:0.25%) showed the lowest CL, which is the proof of the counteracting behavior of two additives as we observed in device performance. Combining the quantitative information of domain sizes and relative domain purity from R‐SoXS, and degree of crystallization from GIWAXS characterization, the contradiction between PL and photovoltaic parameters can be rationalized. It is widely accepted that a small and impure phase is good for charge separation and thus low PL intensity (with additive), while a large and purer phase poorly contributes to the charge separation (0.5%:0.5% additives) and thus high PL intensity. The domain size and domain purity of the blend processed with ODT:DIO (0.375%:0.125%) is between the first two, so the result of PL has such a trend (Figure [1](#advs970-fig-0001){ref-type="fig"}c).

![a) GIWAXS 2D scattering patterns and b) line profiles of FTAZ/ITIC‐Th blend films processed without and with different ratios of additive.](ADVS-6-1801560-g003){#advs970-fig-0003}

In order to better understand the variation of molecular packing as a function of the ratio of two additives in solid thin film. The in situ GIWAXS characterization was carried out to probe the dynamic process of morphology evolution for the blend films during spin‐coating. **Figure** [**4**](#advs970-fig-0004){ref-type="fig"}a shows the data collection diagram. False‐color 2D images (Figure [4](#advs970-fig-0004){ref-type="fig"}b) were produced to help better view the evolution of the scattering profiles in out‐of‐plane direction, with the horizontal axis being the scattering vector *q*, vertical being the elapsed time with respect to the onset of sample rotating during spin‐coating, and color being the scattering intensity. A summary of the area and the *d*‐spacing of (010) π--π stacking diffraction for the blend with ratios of ODT:DIO (0.5%:0, 0.375%:0.125%, 0:0.5%) is shown in Figure [4](#advs970-fig-0004){ref-type="fig"}c. In Figure [4](#advs970-fig-0004){ref-type="fig"}b, the most significant diffraction is the peak with *q* = 1.79 Å^−1^ (indicated by an arrow labeled "π--π stacking"). As mentioned in the previous section with the ex situ GIWAXS characterization, this diffraction peak is mainly originated from ITIC‐Th and thus we analyze in detail the variation of this peak as a function of the time. The area of diffraction peak is extracted from Gaussian fitting, and it is the indicative of the crystallinity of films. The area of π--π stacking peak for ITIC‐Th in blend films processed with 0.5% ODT hardly changes after 100 s while that of the 0.5% DIO processed films gradually shifts to high *q* direction (1.79 Å^−1^) till almost 600 s. This indicates that the low BP ODT functions at the beginning stage of the film forming while the high BP DIO works dominantly throughout the whole film‐forming process. Based on this observation, we conclude that the ODT vaporizes faster than the DIO and thus ODT controls the initial stage of the film forming and the DIO controls the later stage of the film forming. For the binary additives (ODT:DIO 0.375%:0.125), the area of π--π stacking peak is in between the pure ODT and DIO as shown in Figure [4](#advs970-fig-0004){ref-type="fig"}c. ODT plays a main role at the beginning of the film (\<100 s) and DIO works in the later filming process (\>100 s). We further note that, for the optimal conditions ODT:DIO 0.375%:0.125%, the amount of ODT is greater than the amount of DIO and the area of diffraction peak stabilized at near 400 s. Comparison of the effects of using binary additives might suggest that the major impact of ODT in the drying process is promoting the nucleation. Because of the relatively low boiling point comparing with DIO, the ODT evaporates relatively faster and the crystallization of the film stops and the area does not grow over time after 100 s. In contrast, DIO has higher boiling point, it stays in the film for longer time, serving as plasticizer and allowing longer time for molecule rearrangement to promote big crystalline domains. This analysis explains why the molecular packing is weak with equal ODT:DIO ratio 0.25%:0.25%. Due to the lack of enough nucleation agent with 0.25% ODT and the weak driving force for crystallization and molecular reorganization with 0.25% DIO, and thus finally the molecular packing is weak.

![a) The collection diagram of in situ GIWAXS data, b) 2D representation images of morphology evolution for blend films with ODT, DIO, and ODT:DIO (0.375%:0.125%) binary additives. c) Evolution of the fitted (010) diffraction peak area of these films obtained under different processing conditions. d) Schematic diagram of the effects of two additives on the crystallinity of the material.](ADVS-6-1801560-g004){#advs970-fig-0004}

In conclusion, a binary additive consisting of ODT and DIO was used to fine optimize the PV performance of FTAZ:ITIC‐Th. The morphologies of blend films processed without or with different ratio of two additives were systematically investigated by GIWAXS, R‐SoXS, TEM, and in situ GIWAXS. The GIWAXS and R‐SoXS data reveal that the *J* ~sc~ and FF are strongly influenced by the domain sizes and the relative domain purity. With the ODT:DIO (0.375%:0.125%) treatment, an optimal morphology with appropriate domain size and relative domain purity could be achieved, leading to a high PCE of 10.93% together with a *V* ~oc~ of 0.922 V, a *J* ~sc~ of 17.78 mA cm^−2^, and a FF of 66.64%. In situ GIWAXS was performed to gain insight into the film‐forming kinetics processed with the binary additives. It was found that ODT preferentially works at the beginning stage of the film forming to control nucleation of the crystal while the DIO\'s effect on the film forming last throughout the whole film‐forming process to control the crystal growth. This work provides informative and useful guidance to solvent additive selection for morphology control of PSCs.
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